Abstract Pituitary tumors are prevalent in the general population, with a frequency of nearly 1 in 5. The cause of most pituitary tumors remains unknown, although a genetic contribution is recognized for some. We analyzed the Utah Population Data Base (UPDB), a resource combining a computerized genealogy of the Utah population with a statewide tumor registry, to investigate familial clustering of pituitary tumors. We analyzed the genetic relationships among 741 individuals diagnosed with benign or malignant pituitary tumors who had Utah genealogy data. To test for evidence of genetic contribution to predisposition, we compared average relatedness between all pairs of individuals with pituitary tumors with the expected relatedness in this population. We also estimated relative risks (RRs) for pituitary tumors in close and distant relatives of cases by comparing observed and expected numbers of cases among relatives. Relative risks for first-and third-degree relatives were significantly elevated (RR = 2.83 and 1.63, respectively), while relative risk for second-degree relatives was not significantly different from 1.0 (RR = 0.83). The average pairwise relatedness of pituitary tumor cases was significantly higher than expected, even when close relationships were ignored. The significantly elevated risks to relatives as well as the significant excess distant relatedness observed in cases provide strong support for a genetic contribution to predisposition to pituitary tumors. Multiple high-risk pedigrees can be identified in the UPDB, and study of such pedigrees might allow identification of the gene(s) responsible for our observations. Recognizing genetic contribution to the disease may also help with counseling family members of affected individuals.
Introduction
Pituitary tumors are common tumors, estimated to be present (but not always detected) in 16.7% of the population [22] . Individuals with a family history of multiple endocrine neoplasia type 1 (MEN1) and the Carney complex have an increased risk of pituitary tumors [55] ; however, these heritable disorders are responsible for only a minority of patients with pituitary tumors. More recently, non-MEN/Carney complex pituitary tumors, known as familial isolated pituitary adenomas, have been described. It has previously been estimated that about 5% of cases occur in a familial setting [51, 53] . In other pituitary tumors, a common genetic link has not yet been demonstrated.
The Utah Population Data Base (UPDB) has previously been analyzed to show the familial clustering of many different cancer sites [2, 9-11, 13, 26, 39, 50] . Other studies using genealogical data linked to Utah death certificates have demonstrated heritable predisposition to aneurysms, heart disease, asthma, and influenza mortality [1, 12, 30, 31, 49] . Most recently, genealogical data linked to diagnosis data from a single Utah health care provider serving 20% of the state has demonstrated a heritable contribution to predisposition to rotator cuff disease [48] .
The UPDB is a computerized data resource consisting of genealogical and demographic data representing the Utah population [46] . Genealogy data for individuals who were born, married, or died in Utah or along the pioneer trail from the east, and for their Utah descendants, was computerized to create a genealogy of 1.6 million individuals representing up to 7 generations of families. State vital records (birth, marriage, death) have been used to extend the genealogical data to current birth cohorts; some pedigrees now extend to 11 generations. Currently, over 2.5 million individuals with at least 3 generations of genealogical data linking back to the Utah pioneers are included. These pedigrees were primarily founded by pioneers who emigrated from Northern Europe in the mid-1800s. The Utah population is genetically representative of Northern Europe, where the founding population originated, and has low inbreeding levels, similar to other areas of the United States [35, 40] .
The genealogical data in the UPDB has been recordlinked to other statewide data resources, including the Utah Cancer Registry (UCR), which has collected cancer data statewide since 1966 and has been a National Cancer Institute Surveillance, Epidemiology, and End Results (SEER) registry since 1973. All cancers occurring in the state are reportable by law. Only independent malignant primary cancers in the UCR data are record-linked to the UPDB genealogy data annually. Since the majority of pituitary tumors are benign, analysis of pituitary tumors has not been previously performed (although data on benign pituitary tumors has been collected by the UCR since it began in 1966). Using the data available in the UPDB and the UCR, we analyzed the genetic relationships among individuals diagnosed with benign or malignant pituitary tumors in Utah to investigate whether there is evidence for a heritable contribution to the disease.
Methods
We identified individuals with pituitary tumors from the UCR data collection who linked to genealogy data in the UPDB for this analysis. The use of these data resources for this study was approved by the University of Utah Institutional Review Board and by the Utah Resource for Genetic and Epidemiology Research.
To study the familial clustering of pituitary tumors, we used two different methods. First, we compared the average relatedness of all patients with pituitary tumors to the expected relatedness in this population using the genealogical index of familiality (GIF). We also estimated the relative risk (RR) for pituitary tumors in the relatives of patients with diagnosed pituitary tumors.
Genealogical index of familiality
The GIF statistic was designed to study familial aggregation of cancer within the Utah genealogy [29] and has been used in previous studies of familiality [1, 2, 11, 12, 30, 31, 39, 50 ]. An analysis similar to the GIF statistic has been used with the extended Iceland genealogies [3, 27, 34, 47] . An advantage to the GIF statistic over other methods is that it takes into account all genetic relationships between all cases. The Malécot coefficient of kinship was used to measure the relatedness between all possible pairs of diagnosed pituitary tumor cases. The coefficient of kinship is the probability that randomly selected homologous genes from two individuals are identical by descent from a common ancestor [38] . The coefficient for parent-offspring pairs is , for grandparent/grandchild or sibling pairs is () 2 , for avuncular pairs is () 3 , and for first-cousin pairs is () 4 , and so forth. The case GIF is calculated as the mean of all coefficients of kinship between all possible pairs of cases. The case GIF is multiplied by 10 5 for ease of presentation.
We tested the hypothesis that there was no excess relatedness among pituitary tumor cases by comparison of the case average relatedness to the expected relatedness as observed for 1,000 sets of cohort-matched controls. For each case, a control individual was selected at random from the genealogy resource, matched on sex, 5-year birth cohort, and place of birth (in or out of Utah), resulting in a control set of the same size as the case set. The matching strategy is employed to account for potential differences in kinship based on matching characteristics. One thousand independent control sets were selected, and the GIF was measured for each set. The hypothesis of no excess relatedness of the pituitary tumor cases was tested empirically by comparing the case GIF to the distribution of the 1,000 control GIFs.
The degree of shared genetic composition between pairs of cases representing different genetic distances can be quantified with GIF analysis. When an excess of close genetic relationships is observed for cases compared with controls, it is difficult to identify whether the excess familiality is due to shared environment or shared genetic composition, or a combination of both. If, however, close relationships are ignored and a significant excess of relationships for cases compared with controls is observed, then this observed excess familiality among cases strongly supports a genetic contribution.
We compared contributions to the GIF statistic for cases and controls across close and distant relationships, measured by genetic distance between pairs of individuals. In the GIF analysis, genetic distance is approximated by path length between individuals in a pair. For example, a parent and a child are assigned a genetic distance of one, siblings are assigned a genetic distance of two, an aunt and a niece are assigned a genetic distance of three, and so forth. The empirical significance of the GIF test tells us whether overall excess familiality is observed. We also performed this same test ignoring all close relationships (genetic distance \4) to determine whether the excess familiality is also significant when ignoring all close relationships. We call this statistic the Distant GIF and also tested it empirically.
Relative risk
Estimation of relative risks in relatives is an alternative approach to testing the hypothesis of a genetic contribution to disease. Whereas the GIF analysis uses all relationships between all cases regardless of genetic distance, the relative risk analysis typically relies on comparisons in close relatives only. The relative risk approach compares the observed rate of disease (in this case, pituitary tumor) in relatives of probands (cases) with the expected rates of disease in relatives. All individuals in the UPDB with genealogy were used to estimate cohort-specific expected pituitary tumor rates in the UPDB.
We estimated relative risk as follows. All 2.5 million individuals in the UPDB with data linking to the original Utah genealogy were assigned to one of 132 cohorts based on birthplace (in or out of Utah), sex, and 5-year birth cohorts. For each cohort, internal cohort-specific pituitary tumor rates were calculated by summing the number of individuals in each cohort with pituitary tumor, and dividing by the number of individuals in the cohort. The expected number of pituitary tumors among first-degree relatives of patients with pituitary tumor was calculated by multiplying the number of first-degree relatives of patients with pituitary tumor (in each cohort) by the cohort-specific internal rate of pituitary tumors, and then summing over all cohorts.
The first-degree relative risk is estimated as the ratio of the number of observed pituitary tumor cases among firstdegree relatives of patients with pituitary tumors to the number of expected pituitary tumor cases among firstdegree relatives. The relative risk was similarly estimated for second-and third-degree relatives. The relative risk is assumed to follow a Poisson distribution, with the mean value equal to the number of expected pituitary tumor cases among relatives of probands. The Poisson distribution is an approximation to a sum of multiple binomial distributions, representing the number of expected tumors in each cohort. This Poisson approximation is appropriate for both rare and common phenotypes, being more conservative for common diseases. Probability values for one-sided tests of significance and 95% CIs for the relative risk statistic can be calculated for the Poisson distribution under the null hypothesis that the relative risk is equal to unity. While significantly elevated risks in first-degree relatives are suggestive of a genetic contribution to disease, they may also result from shared environment. Significantly elevated risks for second-or third-degree relatives, however, are strongly suggestive that a heritable component also exists.
Results

Patient population
Twenty-one individuals with a malignant pituitary tumor and 720 individuals with a benign pituitary tumor were recorded in the UCR since 1966 and also had Utah genealogy data. Thus, 741 individuals with either a malignant or benign pituitary tumor who also had Utah genealogy were included in the study population. Men comprised 384 of the pituitary tumor cases, while 357 of the cases were women.
Statistical results
Our analysis of the GIF and the Distant GIF tests of hypothesis for no excess relatedness for all pituitary tumor cases showed that the pituitary cases did have a higher average relatedness than expected. The case GIF statistic was 3.51, the mean control GIF statistic from 1,000 control sets was 2.68, and the empirical significance for the overall GIF statistic was p \ 0.001. The average relatedness of all pituitary tumor cases was also significantly higher than expected when all relationships closer than third degree were ignored (empirical p \ 0.001). Figure 1 shows the distribution of contribution to the GIF statistic (y axis), for cases versus controls, by the pairwise genetic distance (x axis). The pairwise genetic distance represents the relationship between the pair of individuals; a genetic distance of 1 represents parent/offspring, 2 represents siblings or grandparent/child, 3 represents avuncular relatives, and so forth. The more distant the genetic relationship, the larger the genetic distance. As seen in the figure, there is an excess of case relationships out to a genetic distance of 8 (representing third cousins), except at a genetic distances of 3 (representing primarily avuncular relatives). Genetic distance 3 represents individuals who are in different generations; the observation of fewer than expected such relationships among cases may simply indicate that relationships that cross generations were not as frequently observed with a window of view to only 40? years of diagnoses (from 1966 until the present). Table 1 shows the estimated relative risks for first-, second-, and third-degree relatives of pituitary tumor cases. First-and third-degree risks were significantly greater than 1 (2.83 and 1.63, respectively); however, second-degree relative risks (primarily genetic distance = 3) were not significantly different from 1.0. These results agree with the GIF results, for which we noted no excess for genetic distance = 3. Again, because we only have a narrow window of pituitary tumors, we are less likely to observe relationships that cross generations, but relationships that do not cross generations, such as siblings (genetic distance = 2) or first cousins (genetic distance = 4), are more likely to be observed.
Discussion
Familiality of pituitary adenomas
Using a unique population-based genealogical resource for the state of Utah, we analyzed clinically significant benign and malignant pituitary tumors (defined by presence of a report in a statewide tumor registry from 1966 to present). We found strong evidence for a genetic contribution to predisposition to symptomatic pituitary tumors using two different analyses. The significantly elevated risk to firstand third-degree relatives as well as the significant excess distant relatedness observed in cases provides strong support for a genetic contribution to predisposition to symptomatic pituitary tumors. Multiple high-risk pedigrees can be identified in the UPDB, and study of such pedigrees might allow identification of the gene(s) responsible for our observations.
Molecular genetics and epigenetic alterations
Previous studies, using X-chromosome inactivation, have demonstrated that pituitary adenomas are monoclonal tumors [32] . Most known genetic abnormalities in pituitary tumors relate to dysregulation of hormone signaling, dysregulation of growth-factor signaling, dysregulation of signaling proteins, or cell cycle control. For example, Carney complex is an inherited syndrome in which growth hormone-producing tumors are seen in approximately 10% of patients [55] . Recent studies have shown that knockout of the gene PRKar1a (dysregulation of Protein Kinase A, as signaling protein) in a rodent model was sufficient to produce growth hormone-secreting pituitary tumors, in analogy to human patients with Carney complex [55] . The autosomal dominant syndrome MEN1 is caused by germline mutations of the MEN1 tumor-suppressor gene on chromosome 11q13, with loss of heterozygosity inactivating the normal allele. However, while reduced expression of MEN1 in sporadic adenomas might indicate that this protein functions as a tumor suppressor, MEN1 mRNA is not down-regulated in sporadic adenomas.
Pituitary tumor-transforming gene (Pttg) was originally isolated from pituitary tumor cells [43] and is overexpressed in pituitary tumors [56] . Pttg overexpression causes cell transformation and promotes tumor formation in nude mice and activates angiogenesis [28] . Conversely, Pttg deletion in a murine model results in pituitary-specific senescent features including increased levels of p53 and cyclin-dependent kinase inhibitors, overexpression of cyclin D1, and elevated senescence-associated b-galactosidase expression. Senescence provoked by Pttg deletion facilitates pituitary gland hypoplasia and senescence independent of telomeric shortening and was protective of pituitary tumor development [15] . In recent work in human tumors, Chesnokova et al. [16] noted that among 72 human pituitary adenomas of various phenotypes, strong coexpression of Pttg and p21 was noted in 56 specimens. These authors put forth evidence supporting their hypothesis that Pttg, functioning as an oncogene, acts proximally in tumor formation, and, as a result of aneuploidy and DNA damage, p21 appears later to restrain subsequent tumor growth and malignant transformation. Local production of cytokines within the pituitary gland may act in an autocrine or paracrine manner. Changes in the levels of cytokines contribute to endocrine homeostasis of the pituitary and have been implicated in the pituitary adenomas (reviewed in [7] ). For example, bone morphogenetic protein-4 (BMP-4), a member of the transforming growth factor-b (TGF-b) family, plays a crucial role in pituitary development [52] , is overexpressed in animal models of prolactinoma, and appears to promote prolactinoma development [42] while it inhibits ACTH-secreting tumor development [25] . The cytokine interleukin 6 (IL-6) participates in the development of the pituitary and has the distinct capacity to inhibit normal pituitary cells on one hand, yet promote tumor growth on the other [4] . That Il-6 is growth-stimulatory in many pituitary adenomas indicates an important role in autocrine/paracrine stimulation of adenoma progression [5, 6] . In this regard, it has more recently has been identified to have a role in oncogeneinduced senescence, a mechanism whereby small benign tumors may develop in many tissues, and oncogenic signaling may paradoxically produce a growth arrest response [45] . Recent work by Kuilman et al. [36] has elegantly demonstrated a role in the induction and maintenance of oncogene-induced senescence by using short inhibitory RNA; their work also demonstrated a shared role of IL-8 in this process.
Recent descriptions of familial isolated pituitary adenomas (non-MEN/Carney complex pituitary tumors) indicate that clinical features differ from those of sporadic pituitary adenomas, as patients with familial isolated pituitary adenoma present at a younger age at diagnosis with larger tumors. About 15% of patients with familial isolated pituitary adenoma have mutations in the aryl hydrocarbon receptor-interacting protein (AIP) gene, which indicates that familial isolated pituitary adenoma may have a diverse genetic pathophysiology. Over 90 familial isolated pituitary adenoma kindreds have been described [19] . In familial isolated pituitary adenoma, both homogeneous and heterogeneous pituitary adenoma phenotypes can occur within families, and virtually all familial isolated pituitary adenoma kindreds contain at least one prolactinoma or somatotropinoma. The familial isolated pituitary adenoma cohort differs from MEN1 in having a lower proportion of prolactinomas and more frequent somatotropinomas [8, 18, 19] .
Much recent work has focused also on epigenetic events in the pathogenesis and growth regulation of pituitary tumor cells. ''Epigenetic'' refers to a process by which heritability may influence the expression of a particular gene without genetic change to the underlying DNA sequence [33] . The first gene identified in sporadic pituitary tumors to be subjected to epigenetic change (gene silencing by methylation) was the tumor suppressor gene p16 [54] , which has been confirmed in other studies (reviewed in [23] ). Since then, many other genes, including cell cycle regulators, other tumor suppressor genes, and genes with roles in apoptosis, invasion, and metastasis, have been identified to be silenced by DNA methylation-mediation. These have been identified using candidate gene approaches, differential display approaches, and genome-wide DNA approaches (recently reviewed in [21] ). Epigenomics research is a current fertile ground for investigators interested in mechanisms of pituitary tumorigenesis. Therefore, while much information is emerging regarding specific gene alterations noted in subtypes of pituitary tumors and specific epigenetic changes, it has become increasingly evident that no single gene mutation or epigenetic alteration can be implicated in the pathogenesis of most pituitary tumors.
Prevalence and incidence of pituitary tumors
Pituitary tumors accounted for 6.6% of primary brain and central nervous system tumors by histology (among a study group of 37,788) in a recent report from the Central Brain Tumor Registry of the US, which provides populationbased incidence rate data concerning all brain tumors [14] . A meta-analysis estimated the prevalence of pituitary adenomas to be 16.7% in the general population; separate analyses of postmortem and radiologic data produced estimated prevalence rates of 14.4 and 22.5%, respectively [22] . These figures indicate that pituitary tumors are remarkably common in the general population. Most of these tumors are likely to represent incidental, asymptomatic microadenomas. With macroadenomas (tumors C 10 mm) occurring at a rate of 1 in 600 persons, there also are likely many persons with unrecognized macroadenomas. Given that pituitary tumors are common in the general population, the incidental nature of these lesions and the underdiagnosis of some is the likely reason that the number of pituitary tumors reported to registries such as the UCR may not equal the estimated prevalence. Here we report on the subset of clinically significant pituitary tumors diagnosed in Utah from 1966 to present. There were 741 tumors identified in the database comprising approximately 1.6 million people, equating to a prevalence of 46 individuals/ 100,000 population. This is less than the recent estimate of 77 pituitary adenomas/100,000 inhabitants noted by Fernandez et al. [24] in a well-defined population study performed in Banbury, Oxfordshire, United Kingdom, but more than the 25 per 100,000 prevalence described in data from the Central Brain Tumor Registry of the United States in a study by Davis et al. [20] . The prevalence of such tumors indicates some variation in reported prevalence and the possibility of underdiagnosis in some populations and an overall significant burden on the health care system [24] .
Symptoms of pituitary tumors
Pituitary adenomas cause symptoms by producing endocrinopathy (either hypersecretion in functional secreting adenomas, or so-called ''stalk effect'' resulting in hyperprolactinemia, or hyposecretion from compression of the normal gland), or by direct mass effect on surrounding structures, such as the optic chiasm, commonly producing visual loss [17] . Despite the high prevalence of adenomas, only a minority present with symptoms that require treatment. As a significant percentage of these tumors stain positively for prolactin, however, it is possible that some may be producing insidious or mild symptoms of hypogonadism that are under-recognized clinically. In addition, some tumors may be producing general hypopituitarism because of compressive effects on the native pituitary gland. The authors of a Swedish epidemiologic study of pituitary adenomas evaluated the records of 2,279 of 3,321 patients with pituitary adenomas in the Swedish Cancer Registry between 1958 and 1991 [41] . They found that in the 33-year study period the annual incidence of pituitary adenoma increased from approximately 6 per million to 11 per million, with a significant increase in overall mortality noted in patients with pituitary adenomas, primarily as a result of cardiovascular disease. In a study of patients with hypopituitarism in Spain, Regal et al. [44] noted that those with pituitary tumor-induced hypopituitarism showed a tendency to suffer growth hormone deficiency more frequently than those with hypopituitarism due to nontumor causes. They suggested that the mortality rate, especially from atherosclerosis, may be increased among adults with hypopituitarism receiving conventional pituitary hormone replacement (cortisol, thyroid, and sex hormone) other than growth hormone, from associated lipid abnormalities.
Conclusion
From this study, the significantly elevated risk to relatives as well as the significant excess distant relatedness observed in cases provides strong support for a genetic contribution to predisposition to clinically significant pituitary tumors. The relative risk for the development of a symptomatic pituitary tumor was significantly elevated in first-and third-degree relatives of affected individuals. Such information is valuable for counseling family members of patients treated for pituitary adenomas and for raising a higher index of suspicion for the detection of a symptomatic pituitary tumor in such individuals. The costeffectiveness of screening close relatives for pituitary tumors using magnetic resonance imaging and endocrine studies in these relatives remains to be determined. In this regard, genetic testing identifies patients harboring an MEN1 mutation before the development of clinical signs or symptoms of endocrine disease [37] . In this population, genetically positive patients are carefully studied prospectively for the presence of hypercalcemia, as biochemical evidence of neoplasia can be detected an average of 10 years before clinically evident disease, allowing for early surgical intervention. It is possible that the early identification of at-risk relatives with pituitary adenomas will facilitate early treatment prior to the onset of endocrinopathy or neurological deficit. Furthermore, the study of high-risk genetic pedigrees from the UPDB should facilitate identification of the gene(s) involved in the genesis of these tumors.
